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INTRODUCTION
Three dimensional (3D) printing is an additive manufacturing process to construct 3D objects from a digital model that has received a great deal of attention from a diverse range of fields 1 including electronics 2 , regenerative medicine [3] [4] , aerospace 2 and microfluidics 5 . Objects are made by sequentially depositing layer upon layer of ink to build up the 3D structure. 1 An advantage of 3D printing over other additive fabrication technologies is that multiple materials can be incorporated into a single build. With digital modeling this feature gives the printer spatial control of the material properties within an object. Gradient structures and novel composite materials can be printed by selectively patterning different inks. [5] [6] [7] These processing advantages are particularly useful for the construction of complex structures where spatially varying mechanical properties are likely needed.
A primary example of such an area which utilizes such attributes is bioengineering, where printing composites is required to mimic realistic tissues like skin or even organs.
Recent studies have examined the use of hydrogels for 3D printing soft tissue applications. [8] [9] [10] [11] [12] The preparation of complex 3D shapes from conventional 13 and tough [14] [15] hydrogels has been demonstrated. These studies have generally been limited to printing a single ink to produce objects of uniform composition. Fibre-reinforced hydrogel composites have also been fabricated through 3D printing in a two-step process. First the fibre scaffold was printed and the composite structure is completed by immersing the scaffold into a hydrogel precursor solution and polymerizing the gel around the fibres. [16] [17] These studies and others involving hydrogels reinforced with fibres, 18 and woven textiles [19] [20] have demonstrated an increase in modulus and strength. Indeed, many soft tissues can be thought of as fibre reinforced hydrogel composites. 16 For example, articular cartilage is a proteoglycan gel matrix reinforced with collagen fibres with strength varying from 1.5 to 30
MPa depending on fibre concentration.
The present study investigated the preparation of fibre-reinforced hydrogels where both fibre reinforcement and matrix were 3D printed in a single-step process. Based on previous work demonstrating extrusion printing coupled with ultra-violet (UV) radiation induced gelation of a hybrid ionic-covalent entanglement (ICE) gel 14 , the method was further developed to incorporate UV cured rigid epoxy reinforcement. A series of uniaxially oriented, continuous fibre reinforced hydrogels was prepared and the mechanical properties and swelling behaviour evaluated. The effect of fibre volume fraction on the elastic modulus was analysed using standard composites theory. In addition, a prototype articular meniscus cartilage was printed that mimicked both the complex shape and internal fibre-reinforced structure of the natural system.
EXPERIMENTAL SECTION

Materials
All materials were used as received and all solutions were prepared using Milli-Q water (resistivity = 18.2 Ω cm). α-Keto glutaric acid photo-initiator was purchased from Fluka (Australia).
Acrylamide solution, 40%, for electrophoresis, sterile-filtered, alginic acid sodium salt, from brown algae with Brookfield viscosity (2% in H 2 O at 25 ⁰C) of 250 mPa s, N,N'-methylenebisacrylamide, calcium chloride (minimum 93.0% granular anhydrous) cross linkers and ethylene glycol rheology modifier were purchased from Sigma Aldrich (Australia). A commercial epoxy based UV-curable adhesive (Emax 904 Gel-SC) was purchased from Ellsworth Adhesives (Australia).
Hydrogel ink formulations
The ICE hydrogel ink was prepared using a method previously published. 14 The ink was prepared by dissolving 4.50 ml of acrylamide, 38.7 mg of N,N'-methylenebisacrylamide and 36.9 mg of α-keto glutaric acid in 5.25 ml of Milli-Q water, 1.5 ml of the 0.1 M calcium chloride stock solution and 3.75 ml of ethylene glycol. The latter was used as a non-volatile co-solvent with the ratio of ethylene glycol to water fixed at 1:2.5. A spatula was then used to dissolve 450 mg of alganic sodium salt into the printing solution.
An ink for printing a dissolvable support structures was prepared by mixing 1.5 ml of the 0.1 M calcium chloride stock solution and 3.75 ml of ethylene glycol in 9.75 ml of of Milli-Q water. A spatula was then used to dissolve 450 mg of alganic sodium salt into the printing solution.
Rheology
The flow behaviour of each of the inks was determined using a AR2G Rheometer coupled with a cone and plate measuring system (diameter 40 mm, angle 2⁰06' and truncation 55 μm) and a heat controlled sample stage (TA Instruments Peltier plate). The viscosity was measured as a function of shear rate (1-500 s -1 ) at 25 ⁰C. All experimental studies were repeated in quadruplicate and the error was determined using standard deviation.
Contact angle
The contact angle of the extrusion inks on the printing substrate was determined using a Dataphysics Contact Angle System OCA. A square of polypropylene sheet was attached to the sample stage and a drop of the ink was placed onto the substrate. SCA20 software was used to calculate the angle between the droplet and the substrate at 1 min intervals for 5 min.
Extrusion printing
A 3D-Bioplotter system (EnvisionTEC, Germany) was fashioned with a commercial UV-curing system to print hydrogel composite structures from the alginate/acrylamide ink, the Emax 904 Gel-SC adhesive and the alginate support gel. A Dymax BlueWave 75 Rev 2.0 UV Light Curing Spot Lamp System using a 19+ W/cm 2 UV source with a 1 meter light guide was used to cure the printed ink. The end of the light guide was fixed to a custom made UV safety shield that covered the Bioplotter's build area. A slot in the UV safety box allowed the UV spot to be positioned directly over the patterned ink.
Computer-aided design (SolidWorks) was used to construct digital models of the tensile specimens and artificial meniscus structures that were to be printed. The composite materials were designed by creating an assembly from separate parts as illustrated in Figure 1 for the tensile specimens. EnvisionTEC software was used to slice the digital model into a stack of two dimensional layers (250 μm thick) to determine the print path. Material files and internal structures were then added to each part within the assembly. Tensile samples were designed with systematically varying volume fraction of reinforcing Emax fibres. The fibre diameter and length were kept constant and the number of fibres varied to achieve the desired volume fraction. 
Imaging
The print quality of the hydrogel composites was examined with a Leica M205 A microscope. A single drop of red food dye was added to the hydrogel ink before printing to identify the hydrogel phase. Cross-sectional images were obtained from strips of the hydrogel composites cut into 1 mm slices with a razor blade. Leica Application Suite V4 software was then used to measure the cross sectional area of the printed hydrogel composites. The true Emax volume fraction of the printed composites was calculated as the ratio between the cross sectional area of Emax and the total cross sectional area. Four repeat tests were performed on each type of composite sample with errors estimated from one standard deviation.
Swelling
The swelling ratio was determined after immersing printed hydrogel composite samples in 0.1M calcium chloride (72 hr) to fully cross link the alginate followed by immersion in Milli-Q water (72 hr). A single drop of red food dye was added to the Milli-Q water to aid in imaging the swollen hydrogels. Swelling ratios 'Q' were calculated using:
where 'W D ' is the dry weight of hydrogel and 'W S ' is the swollen mass of the hydrogel. Samples were dried by being placed in an oven at 60 ⁰C for 72 hr.
Mechanical testing
The mechanical properties of the printed composites were determined using a Shimadzu EZ-L Universal Mechanical Tester. Tensile tests were performed using a 50 N load cell for low modulus/strength samples, and a 500 N load cell for high modulus/strength samples. Printed tensile specimens were strained to failure at a rate of 10 mm/min. The applied stress was calculated using the average cross sectional area of the unstrained specimen at the gauge length. The failure stress and failure strain were calculated from the onset of failure. The Work of Extension was calculated as the area under the stress-strain curve to failure. Four repeat tests were performed on each type of composite sample with errors estimated from one standard deviation.
An adhesion test was performed to determine the strength of the bond between the ICE gel matrix and Emax fibres in the printed composites. A tensile specimen was printed with Emax ends and a band of ICE gel. The tensile specimen was extended in the direction perpendicular to ICE gel band until failure. The position of failure was noted in each of these tests.
RESULTS AND DISCUSSION
The aim of the present study was to evaluate the effectiveness of fibre-reinforcement of 3D
printed hydrogel structures where both the fibre reinforcement and the matrix were printed in a single process. Initially Emax 904 Gel-SC adhesive was identified as a material with suitable UV cure characteristics, appropriate rheological properties for extrusion printing, adhesion to the alginate ICE gel and acceptable mechanical properties for fibre reinforcement. Utilising a multibarreled extrusion printer, dumbbell shaped tensile specimens were printed and cured with UV radiation to demonstrate composite printability and to measure mechanical properties.
Extrusion printing
The viscosity 'η' of the Emax and alginate support gel inks was measured to determine the optimal conditions for extrusion printing. The observed viscosity data ( Figure 2a ) were fitted to a power law model 22 :
where 'γ' is the shear rate, 'K' is the consistency index and 'n' is the power law index. Both the Emax and alginate support gel inks display shear-thinning flow behaviour (n < 1) similar to the previously published alginate ICE gel ink. 14 In that previous rheological study it was determined that our extrusion printing system in conjunction with a 23 gauge syringe tip could process inks Fibre reinforced hydrogel composites were fabricated with a commercially available 3D printer and cured with a UV light source. Initially the composite structures were printed with the Emax and alginate ICE gel inks. The patterned ink was cured after the entire structure had been printed. In Figure 3 cross sections of the printed composites were compared with cross sections of their CAD model (Figure 3a & d) to assess the accuracy of this printing method. Two types of defects were noted. Firstly, examination of the exposed Emax edges revealed that the Emax ink was spreading once patterned, this can be attributed to its low contact angle. This surface wetting produced a tapered edge rather than the desired square shape (Figure 3b) . A more defined vertical edge ( Figure   3c ) was achieved by using a removable alginate support ink at the edges to prevent spreading of Emax. The support ink was not UV-curable and was easily removed after printing. Secondly, inspection of the fibre structure of the composite hydrogels (Figure 3e ) revealed that the fibres were collapsing prior to curing when UV exposure was performed after the printing of several layers. A better defined fibre structure (Figure 3f ) that was closer to the CAD model was achieved by partially curing each layer of ink for 50 s during the fabrication process. After analysing these results all further fibre reinforced hydrogel composite structures were printed with an alginate support ink mould against all exposed Emax edges and each layer of ink was partially cured prior to printing the following layer. Cross sections of the fiber reinforced hydrogels were also used to calculate the true Emax volume fraction of the printed composites. The true volume fraction was calculated as the ratio between the cross sectional area of Emax and the total cross sectional area of the printed composite. of the printed hydrogel composites. This result indicates the Emax was deposited through the printer at a higher rate than the ICE gel. In the following the true Emax volume fraction is used to identify each of the fiber reinforced hydrogel composites.
Figure 4
The true Emax volume fraction calculated from the cross sections microscope images as a function of the volume fraction from the CAD models.
Swelling ratio and mechanical testing of fully swollen hydrogel composites
Hydrogel mechanical properties are strongly dependent upon swelling ratio which is in turn influenced by the environment. The swelling ratio and mechanical properties of the printed hydrogel composites were characterised when fully swollen because hydrogel materials are most commonly implemented in aqueous environments. Fully swollen hydrogel composites were prepared by immersing the as-printed composites in 0.1M calcium chloride for 72 hrs to crosslink the alginate polymer network and to enhance their mechanical properties.
14 The hydrogels were then allowed to equilibrate in water for a further 72 hrs. Based on the mass loss during heating at 60 o C for 72 h to fully dry the hydrogel the swelling ratios were determined using equation (1) . The ICE gel exhibited a swelling ratio of 350 ± 30 % and the Emax exhibited a swelling ratio of 19 ± 3 %. As expected, the swelling ratios of hydrogel composites decreased as the Emax volume fraction was increased. The plot in Figure 5 demonstrates that the swelling ratios of the composites ' '
closely approximates the simple rule of mixtures for swelling ratio which was calculated using: 
where ' ' and ' ' are the swelling ratio of the fibre (Emax) and the matrix (ICE gel) respectively and ' ' and ' ' are the fibre and matrix volume fractions, respectively. The rule of mixtures is a weighted mean which assumes that each component's contribution to the total swelling ratio is additive. Tensile tests on the swollen hydrogel composites in the fibre direction were performed to determine the effect of the Emax volume fraction on the composites' mechanical properties. Figure   6a -d includes photographs of the hydrogel composite tensile specimens when clamped in the tensile tester. Examples of typical stress-strain curves of the swollen fibre reinforced hydrogels are shown in Figure 6g and a summary of the mechanical data is included in Table 2 . The ICE gel exhibited an elastic modulus of 260 ± 20 kPa and the Emax had an elastic modulus of 2700 ± 200 kPa. The ICE gel is soft and wet whilst the Emax is hard and dry. The tensile strength of the 100% ICE gel was 80 ± 10 kPa with a failure strain of 48 ± 4% compared with a tensile strength of 2400 ± 100 kPa and a failure strain of 230 ± 10% for the 100% Emax. The printed composite structures display a combination of properties in between these two extremes with an increase in elastic modulus, failure strength, failure strain and work of extension corresponding with an increase in Emax volume fraction and decrease in swelling ratio. By varying the Emax volume fraction of the CAD models the mechanical properties of the printed composites can be varied over several orders of magnitude.
To determine the efficiency of printed Emax fibres for reinforcing printed ICE gel, the experimental mechanical data was compared with standard composite theory. Maximum fibre reinforcement requires a perfect bond between matrix and fibre reinforcement so that the matrix and the fibre reinforcement achieve equal strains. An adhesion test was performed upon an ICE gel / Emax tensile specimen (Figure 6e ) to determine the strength of the bond between the ICE gel matrix and Emax fibres in the printed composites. Figure 6f shows that mechanical failure occurred within the hydrogel band of the tensile specimen and not at the ICE gel / Emax interface indicating that the bond between the ICE gel and Emax is stronger than ICE gel. Due to the strength of this bond it can be assumed that there is no slipping between the matrix and fibre reinforcement so that equal strain is observed by the matrix and the fibre reinforcement when under tension.
When the strain between the matrix and fibre reinforcement is equal the fibre reinforcement experiences a greater stress than the matrix because the fibre reinforcement has a larger elastic modulus than the matrix. Based on this condition, the upper bound elastic modulus ' ‖ ' of a perfectly reinforced composite was calculated using the rule of mixtures:
Where ' ' and ' ' are the elastic modulus of the fibre and the matrix, respectively. The rule of mixtures assumes that both the matrix and fibres behave linear elastically.
Ineffective fibre reinforcement occurs when stress from the matrix is not transferred to the fibre reinforcement; which could be caused by slipping between the matrix and fibre reinforcement, fibre end effects or a geometry off-set. Minimum fibre reinforcement occurs when a tensile load is applied perpendicular to the fibre direction. In this case the load is shared uniformly across the composite so that the stress in the fibres is equal to the stress in the matrix. Based on this condition, the lower bound elastic modulus ' ⊥ ' of an ineffectively reinforced composite was calculated using 
Swelling ratio and mechanical testing of as-printed hydrogel composites
As 3D-Bioprinting has been touted for its ability to produce parts "as needed," it is important to understand the mechanical properties of the as-printed hydrogel composites to assess potential applications for immediate use. The as-printed ICE gel exhibited a swelling ratio of 260 ± 30 % and the Emax had a swelling ratio of 5 ± 1 %. These two swelling ratios are less than the swelling ratios of the swollen materials which indicates that both the Emax and the ICE gel absorb water when exposed to an aqueous environment. Figure 7 demonstrates that the as-printed composite materials adhere to the law of mixtures for swelling (Equation 3) as expected. The mechanical characteristics of the as-printed materials differ drastically to the mechanical characteristics of the swollen composites. Examples of typical stress-strain curves for the as-printed reinforced hydrogels are shown in Figure 8a and a summary of the mechanical data is included in Table 3 . The elastic modulus of the as-printed ICE gel (70 ± 4 kPa) is significantly lower than the elastic modulus of the swollen hydrogel because the as-printed alginate network is not cross linked until it is treated with calcium chloride. The Emax elastic modulus (76 ± 9 MPa) is significantly larger than the elastic modulus of the swollen Emax. The vast difference between the elastic modulus of Emax when printed and when swollen indicates that the absorption of small volumes of water by Emax has a considerable plasticizing effect the mechanical properties of Emax. 
Fabrication of artificial meniscus
An artificial meniscus was 3D printed to demonstrate how this fibre reinforced hydrogel printing technique can be adapted to fabricate complex hydrogel structures for real world applications. The meniscus is a crescent shaped cartilage structure in the knee (Figure 9a ) that acts to disperse the weight of the body and reduce friction within the knee joint. Meniscal injuries that do not heal and that cannot be repaired are treated by removing the damaged meniscus and replacing it with either an allograft or a synthetic replacement.
24 3D-printing is a valuable tool for fabricating such a synthetic implantable structure because patient specific implants can be easily made by tailoring the digital model of the implant to match the size and shape of an individual patient's knee. Fibre reinforced hydrogels are a logical choice of material for use in an artificial meniscus because the natural meniscus is also a fibre reinforced hydrogel. 16 The meniscus contains a collagen fibre network that is made up of circumferential fibres and radial or 'tie' fibres 25 (Figure 9b ) which give the cartilage strength and stiffness in the desired directions.
To print a fibre reinforced hydrogel artificial meniscus CAD software was used to create a digital model of the meniscus. The simplified digital model of an artificial meniscus contained both circumferential fibres and radial fibres so as to mimic the structure of natural meniscus (Figure 9c ).
The concentration of Emax was spatially varied throughout the digital model so as to control the mechanical properties in different regions of the artificial meniscus. A low Emax concentration was used around the arc of the meniscus in order to replicate the low modulus of soft tissue. The ends of the meniscus were designed with a high Emax concentration to create a hard site that could be used to attach the artificial meniscus to hard bone. The artificial meniscus was fabricated by printing alternating layers of the circumferential fibres and the radial fibres (Figure 9d-e) . A photograph of the completed 3D printed fibre reinforced hydrogel artificial meniscus is shown in Figure 9f . The printed structure was loaded in compression to 500 N (50 kg) without any observable damage. 
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indicates radial fibres. c. A CAD model of the artificial meniscus. Photographs taken after printing layers of (d) circumferential fibres and (c) radial fibres. f. Completed 3D-printed artificial meniscus.
CONCLUSIONS
3D printing in conjunction with digital modeling was used to fabricate fibre reinforced hydrogels in a single-step process. By altering the ICE gel and Emax volume fractions of the digital models a full spectrum of soft / wet through to hard / dry composite materials were prepared. When the mechanical characteristics of these printed composites were compared with standard composite theory the swollen fibre reinforced hydrogels were found to adhere to the rule of mixtures. An apparent discrepancy was observed, however, between the as-printed materials and the rule of This study has demonstrated the capability of 3D printing of simple fibre composites based on hydrogel materials. An example application was demonstrated by printing an artificial meniscus cartilage which mimicked the complex 3D shape and incorporated spatially varying fibre reinforcements. Improvements in print resolution when matched to appropriate ink rheology and solidification methods offer the potential to print more complex composites structures, such as particulate reinforced, 3D reinforcement and cellular reinforcements, including honeycomb structures. The further development of these 3D modeling techniques is expected to be useful for the fabrication of multi-component hydrogel structures or devices with multiple applications in micro-fluidics (pumps and valves), robotics (artificial muscles) and bionics (tissue scaffolds and artificial organs).Ultimately, we hope to be able to produce 3D printed versions of soft tissues like tendons, cartilage, skin and muscle where spatial variation in composition and properties is a major contributor to function.
